Analysis of intra-atrial electrograms (EGMs) nowadays constitutes the most common way to gain new insights about the mechanisms triggering and maintaining atrial fibrillation (AF). However, these recordings are highly contaminated by powerline interference (PLI) due to the large amount of electrical devices operating simultaneously in the electrophysiology laboratory. To remove this perturbation, conventional notch filtering has been widely used. However, this method adds artificial fractionation to the EGMs, thus concealing their accurate interpretation. Hence, the development of novel algorithms for PLI suppression in EGMs is still an unresolved challenge. Within this context, the present work introduces the joint application of common notch filtering and Wavelet denoising for enhanced PLI removal in AF EGMs. The algorithm was validated on a set of 100 unipolar EGM signals, which were synthesized with different noise levels. Original and denoised EGMs were compared in terms of a signed correlation index (SCI), computed both in time and frequency domains. Compared with the single use of notch filtering, improvements between 4 and 15% were reached with Wavelet denoising in both domains. As a consequence, the proposed algorithm was able to efficiently reduce high levels of PLI and simultaneously preserve the original morphology of AF EGMs.
Introduction
Atrial fibrillation (AF) is one of the most relevant cardiovascular challenges in western countries [1] , affecting approximately 1.5-2% of the general population [2] . Although it is the most common cardiac arrhythmia in clinical practice [2] , its mechanisms are not fully known [3, 4] . This fact makes diagnosis and treatment of the arrhythmia poorly effective and complex, thus demanding more research efforts [5] . In fact, catheter ablation, which is currently considered the first-line therapy for AF, still does not provide clinically sufficient long-term success rates [6] .
Hence, there is a need for more advanced processing and interpretation of cardiac electrophysiology systems [6] , which use intra-atrial electrograms (EGMs) as the basis to determine the cardiac structures contributing to sustain the arrhythmia [7] .
These EGMs are directly recorded from the heart, thus providing information about its electric status [8] . More precisely, these signals offer accurate indications about the time, direction and complexity of local atrial activations within the field of view of the recording electrodes [9] . Hence, characterization of these recordings is the best source of information to improve current knowledge on the mechanisms responsible for initiation and perpetuation of AF [10] . However, their acquisition is often disturbed by the presence of numerous sources of electric noise. Thus, in addition to the internal noise introduced by the recording systems as well as common baseline wandering from patient's respiration, other disturbances from muscular activity of the patient and the powerline interference (PLI) can also reduce the quality of the EGMs [11, 12] .
This last perturbation is a typical environmental electromagnetic noise mainly generated by power cords radiation that can be induced to medical instrument signal cables and to the patient's body with an amplitude comparable to the physiological information [13] . Unfortunately, given that PLI is spectrally overlapped with the EGM, its removal is a challenging task. However, this aspect has still not received much attention and comercial recording systems only incorporate low-order simple notch filters, which remove important local cardiac components along with the PLI [12] . This work introduces the joint application of common notch filtering and Wavelet denoising to efficiently reduce high levels of PLI and simultaneously preserving the original morphology of AF EGMs.
Methods

Study database
With the aim of accurately quantifying the achieved PLI reduction as well as the signal morphology alteration, the proposed algorithm was validated on a set of 100 synthesized unipolar EGM recordings. They were generated with a length of 10 seconds making use of the methodology proposed by Oesterlin et al. [14] . To obtain recordings with signal-to-interference ratios (SIR) of 25, 20, 15, 10 and 5 dB, a sinusoidal interference with a main frequency of 50 Hz and its first two harmonics were added to the resulting EGMs. Note that random amplitude and frequency variations were considered in the generated PLI in order to mimic an interference as realistic as possible.
Wavelet denoising
Given its ability to successfully deal with non-stationary signals containing sharp spikes and discontinuous intervals, discrete Wavelet transform (DWT) has been widely used for the denoising of many physiological recordings [15] . In brief, this tool allows to decompose a signal at different time and frequency scales through a simple implementation, which consists of a bank of low-pass and high-pass filters followed by decimation stages. Next, the resulting wavelet coefficients are thresholded to discern physiological information from noise and the denoised signal is reconstructed by computing the inverse DWT (IDWT).
In this approach the selection of a proper shrinkage threshold for each wavelet scale plays a key role for a successful denoising. Although well-established methods exist to obtain these cut-off points in the presence of white noise, they are not applicable to sinusoidal interference cancellation [16] . Hence, for PLI removal in EGM recordings, the perturbation amplitude was firstly estimated through a simple common notch filtering centered on the frequency of 50 Hz and with a bandwidth of 2 Hz, such as Figure 1 shows. Although the resulting signal was still disturbed by EGM residua, the PLI power in the first five wavelet scales was precisely estimated from the spectral distribution of each vector of wavelet coefficients. The values obtained in this way were then used to threshold the wavelet coefficients resulting from the input signal decomposition. For this purpose, the well-known soft thresholding function was used. Hence, those wavelet coefficients below the threshold were set to zero and the remaining ones were reduced by that value. It should be noted that both the input signal and the noise estimated by the notch filtering were decomposed making use of a 2nd-order Coiflet function as mother wavelet (see Figure 1) . The denoised EGM was finally reconstructed by applying the IDWT to the thresholded wavelet coefficients.
Performance assessment
For comparison purposes, a notch filter similar to the one used by many commercial recording systems was also replicated through a second-order Butterworth structure. It was designed with a 2 Hz bandwidth centered on the frequency of 50 Hz and applied to the EGM signal in a forward/backward fashion for zero phase distortion.
To quantify both noise reduction and morphology preservation in the resulting EGM signals for the two analyzed algorithms, a signed correlation index (SCI) was computed both in time and frequency domains. This index was used instead of the common Pearson's correlation coefficient, because it takes into consideration the amplitude differences between the two compared signals. From a mathematical point of view, referring to the original clean EGM as x(n) and to the denoised recording as x(n), the SCI was defined as
where N is the number of samples both for x(n) and x(n) and the operator ⊗ is computed as
The threshold ξ was experimentally set to 5% of the standard deviation of x(n). 
Results
Mean and standard deviation values of SCI obtained for the proposed Wavelet denoising and the reference notch filtering, both from time and frequency domains, are displayed in Table 1 . As can be observed, the notch filtering reported a highly stable behavior for every level of SIR. However, it was always worse than the one showed by the proposed DWT-based denoising. In fact, although the values of SCI for the Wavelet denoising reported a slightly decreasing trend with the noise level, they were notably larger than those obtained for the notch fitering, even for a level of SIR of 5 dB. More precisely, compared with the notch filtering, improvements between 4 and 15% were reached by the Wavelet denoising in frequency and time domains, respectively. As a graphical example, Figure 2 displays the resulting signals for both denoising methods, in time and frequency domains, when a SIR of 10 dB was considered.
Discussion and conclusions
According to some findings reported by previous works [11] , the notch filtering has proven to modify substantially the original signal morphology, both in time and frequency domains. Moreover, this method has also been featured by causing a similar alteration in the EGM recording regardless of the noise level, thus completely disturbing even those signals with a very limited presence of PLI. This poor outcome could be easily explained by the massive removal of information around 50 Hz, which is highly relevant in the EGM signal. In fact, rapid deflections originated in the pulmonary veins and Purkinke fibers provoke an EGM bandwidth ranging between 1 and 300 Hz [11] .
Contrarily, the proposed Wavelet denoising algorithm has revealed a notably better trade-off between PLI removal and EGM morphology preservation. Thus, even for a very reduced level of SIR of 10 dB, average values of SCI about 90 and 99% were noticed in time and frequency domains, respectively. To this respect, Figure 2 just displays how the EGM is visually preserved after denoising, both in time and frequency domains. As a consequence, the use of this algorithm in routine electrophysiology studies may be helpful for more accurate interpretation of EGM recordings, which could improve current knowledge about the mechanisms of AF. 
